Introduction
Phosphorus generally has a negative effect on the mechanical properties of steel. [1] [2] [3] Low phosphorus iron ores used in the production of steel come at a cost premium. This cost premium is a significant driver for dephosphorisation research. The ability to utilise low cost, low-quality ores high in phosphorus and other impurities such as titanium oxides potentially offers advantages for integrated steelmakers. However, an improved understanding of the effect of impurities such as TiO 2 on dephosphorisation is required if steelmakers are to utilise these ores economically.
The dephosphorisation reaction in basic oxygen steelmaking (BOS) is commonly represented by either the ionic reaction in Eq. (1) or the molecular reaction in Eq. (2) The phosphorus partition (L P ) and phosphate capacity ( C PO4 3− ) were measured for TiO 2 bearing basic oxygen steelmaking slags in the CaO-SiO 2 -MgO-Fe t O-(TiO 2 -MnO-Al 2 O 3 -P 2 O 5 ) system at 1 650°C. The effect of slag and metal additions were tested by varying the TiO 2 content from 0.0 to 18.0 mass% and the [Ti] content from 0.009 to 0.301 mass%. A recently published L P model was used to assess the experimental L P data using the measured slag composition and temperature. Experimental L P data from this study and literature data were used to modify the published model to include titania.
Increasing the TiO 2 concentration of the slag was found to decrease the L P and C PO4 3− of basic oxygen steelmaking (BOS) slags. Capacity values in the range of 2.2 × 10 16 to 1.5 × 10 18 at 1 650°C were obtained. An empirical model for determining C PO4 3− was developed for BOS slags using a large dataset of published slag and pO 2 data for relevant slag systems, including published data for titania bearing slags. The predicted C PO4 3− from the empirical model was found to agree with the experimentally determined C PO4 3− data from this study.
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all metal solutes is the 1 mass% standard state. For (P 2 O 5 ) the hypothetical pure molten phase is the reference state.
The standard Gibbs free energy (ΔG°) for Eq. (2) 
. (5)
Dephosphorisation in the integrated steelmaking process is typically carried out in either hot metal pre-treatment or the BOS converter. However, there is no ideal location where all the conditions for dephosphorisation are optimised e.g. hot metal pre-treatment has a characteristic low [O] and the BOS vessel has a high T.
The oxygen potential for dephosphorisation may be represented by a reaction or balance of competing reactions that control delivery of oxygen in Eqs. (1) and (2) . In the BOS process, the oxygen potential for dephosphorisation is generally considered to be controlled by the balance between decarburisation and FeO reactions, given in Eqs. (6) and (7) . This oxygen potential changes throughout the steelmaking process. 
. (11)
In addition to affecting the oxygen potential, the titanium oxide formed will also change the slag basicity. Slag basicity is used to imply the degree of polymerisation of the slag structure. The formation of both Ti 4 + (i.e. TiO 2 ) and Ti 3 + (i.e. Ti 2 O 3 ) has been observed in steelmaking slags.
6) The formation of Ti 3 + may be significant as it exhibits basic behaviour, 7, 8) while the effect of Ti 4 + is less clear as it has been reported to behave as an amphoteric oxide. 7, 8) Studies in CaO-SiO 2 -TiO x slag have found the Ti 3 + /Ti 4 + ratio increases with decreasing pO 2 and basicity, and increasing temperature. 9, 10) In BOS slags, the titanium oxide may be expected to be predominately in the form of TiO 2 due to the high oxygen partial pressure and basicity. The exchange between Ti 3 + and Ti 4 + in slags can be represented by the reaction given in Eq. (12) 7) and evaluated from its ΔG° given in Eq. (13). The phosphorus partition (L P ) and phosphate capacity (C PO 4 3− ), 11) defined in Eqs. (14) and (15) , are common approaches for assessing the dephosphorisation ability of a slag,
7)
. where (%P) and [P] are the mass% of P, (% ) PO 4 3− is the mass% of phosphate ion in the slag, and p i is the partial pressure of species i.
There are many published models that predict the L P from slag composition and temperature. These models often account for the oxygen potential using a proxy such as Fe t or Fe t O, 12, 13) where R is the universal gas constant (8.314 J·K
), M i is the molecular weight of species i, f P is the activity coefficient of phosphorous in the steel, and K [P] is the equilibrium constant for the reaction given in Eq. (16) .
The reported C PO 4 3− of various slags have been reviewed in Thermodynamic Data for Steelmaking 14) and the Slag Atlas. 15) Although the dephosphorisation literature is extensive, only three studies [16] [17] [18] [19] [20] [21] [22] report data for titanium oxide containing steelmaking slags.
Two of these studies (Selin; (16) (17) (18) (19) (20) Usui et al. 22) ) are of particular interest in understanding the effect of TiO 2 on dephosphorisation. The third titanium study by Kor 21) is of limited use as titanium oxide in the slag is reported as a combined total of TiO 2 and Al 2 O 3 .
Usui et al. 22) used slags with low titanium oxide (≤1.3 mass%, TiO 2 ) concentrations whereas Selin [16] [17] [18] [19] [20] focused on electric arc furnace (EAF) steelmaking slags with v-ratios (as defined in Eq. (20)) of 1.25-2.5 and at temperatures ~1 600°C. Though BOS slags typically have higher v-ratios (2 to 5) than EAF slags and tempertures as high as 1 700°C, [16] [17] [18] [19] [20] Selin's data are still of use in understaning BOS behaviour. (20) where (%CaO) and (%SiO 2 ) are in mass%.
In this equlibrium slag-steel study, the effect of TiO 2 on the dephosphorisation ability of synthetic slags in the CaOSiO 2 -MgO-Fe t O-TiO 2 system are evaluated at temperatures and compositions representative of BOS steelmaking.
Experimental
The slag-steel L P experiments were carried out in a vertical tube furnace under a controlled (99.999%) Ar atmosphere for 12 hours at 1 650°C. A schematic of the set-up used is shown in Fig. 1 . In the experiments a mass of 4 g of slag and 30 g of ~0.18 mass% [P] alloy were melted in a high purity dense MgO crucible. The slag was held in a Fe foil cup (~0.16 g) during heating to keep the slag and
[P] alloy separate until both were liquid. The high purity Ar gas was scrubbed prior to entering the furnace by passing it through ascarite, drierite and then copper turnings at 300°C.
At the end of the experiment, the crucible was rapidly cooled in the furnace to room temperature. The slag and steel were separated by hand in preparation for composition analysis. The metal was dissolved in nitric acid for analysis using an Agilent 710 series inductively coupled plasma optical emission spectroscopy (ICP-OES) instrument. The slag was crushed and analysed using an AMETEK SPECTRO XEPOS energy dispersive polarisation x-ray fluorescence (XRF) spectrometer.
A further series of experiments were conducted with the pO 2 controlled by the CO/CO 2 ratio in the gas phase. These experiments were carried out to validate the C PO 4 3− model developed in this study. The controlled gas pO 2 experiments were conducted under an Ar-CO-CO 2 atmosphere with a CO/CO 2 ratio of 0.060 and 0.114. This gave a pO 2 of 1.6 × 10 − 9 atm to 5.6 × 10 − 9 atm at the experimental temperature of 1 650°C. The Ar-CO-CO 2 gas was dried by passing through a bed of drierite before entering the furnace. The CO/CO 2 ratios were obtained by mixing calibration grade gas mix of 25%CO 2 -Ar and CO gas (99.2%CO, 0.35% N 2 , 0.07%Ar, 0.35% other hydrocarbons, O 2 > 5 ppm).
Slag Preparation
Synthetic slag pellets in the CaO-SiO 2 -MgO-Fe t OTiO 2 system were made from high purity oxide powders ( > 99.9%) and pre-fused slag. The pre-fused slag was prepared by mixing dried (or calcined) oxide powders in the required amounts, followed by melting the mixed powder in a Pt crucible for ~20 minutes at 1 600°C using a muffle furnace. The liquid slag was then quenched and crushed to fine powder using a ring grinder. This process was repeated to ensure slag homogeneity. Slag pellets were prepared by mixing dried (or calcined) powders and pre-fused slag in the required amounts for pressing into a 4 g pellet. The pellets were then sintered for 12 hours at 1 000°C in a muffle furnace. XRF analyses of the sintered slag pellets and the prefused slag are given in Table 1 . Specific iron and titanium ions in the slag were not measured in this study and have been reported as Fe t O and TiO 2 respectively.
Alloy Preparation
A Fe-P master alloy and three [Ti] bearing alloys with contents of 0.05, 0.14, 0.3 mass%, and [P] content of ~0.18 mass% were prepared for this study. The alloys were prepared using a ferrophosphorus alloy (25.7 mass% [P]), a low carbon, aluminium killed alloy (0.015 mass% [P]) and a high purity Ti rod (99.99%). The alloys were melted under an Ar atmosphere at 1 600°C in an alumina crucible. After solidification the alloys were cut and remelted again at 1 600°C to ensure uniform Ti and P distribution. The compositions of these alloys are given in Table 2 . All elements except P and Ti were measured by electric arc optical emission spectroscopy (ARC-OES). P and Ti were measured via ICP-OES.
Equilibrium Time
In the experiments carried out under Ar, the equilibrium time was established by carrying out a series of runs for up to 12 h using slag B2 with the Fe-P master alloy. The changes in the slag and steel phosphorus level were deter- ^) base slag used in temperature and reference series experiments. Trace levels (< 0.1 mass%) of Al2O3, P2O5, and MnO were detected in the unreacted slags. Table 2 . Alloy compositions in mass% using ARC-OES and [P] results from ICP-OES. mined and the analysis is given in Fig. 2 . It was found that after > 9 h reaction the measured (P 2 O 5 ), [P] and L P each approached a constant value. After this time, it was assumed that the system was at equilibrium. The > 9 h to achieve equilibrium is consistent with the 8 to 12 h equilibrium times other researchers have reported. [23] [24] [25] To ensure equilibrium was achieved in this study, all experiments were run for at least 10 h, the majority being run for 12 h.
In the CO/CO 2 experiments, the initial slag composition was approximated to the composition required for gas-slag-steel equilibrium at the experimental temperature. This was to facilitate a fast equilibration time. The required slag composition in equilibrium with the CO/CO 2 gas ratio was estimated using the MTDATA thermodynamic software package. 26) MTDATA is a thermodynamic software package that uses Gibbs energy minimisation to calculate complex multi-component phase equilibria in gas-liquidsolid systems. The primary limitation of this estimate was that the MTDATA databases did not contain any titanium oxide data.
In the CO/CO 2 experiments the heating-cooling schedule was similar to that of the experiments carried out under high purity Ar. The crucible containing slag and steel was heated to experimental temperature under Ar. The sample was then held at this temperature for 5 minutes prior to the gas being changed over to an Ar-CO-CO 2 gas mixture and held for 12 h. After 12 h, the gas was changed back to high purity Ar and the experiments were cooled as per the Ar atmosphere slag-steel experiments.
Results and Discussion

Evaluation of the L P Data
The experimental slag and metal compositions and the L P values obtained are given in Table 3 . A series of seven experiments were conducted using the R series slag composition (Table 1 ) and experimental temperature (1 650°C) to test reproducibility (Table 3 ). The mean measured L P of the reference slag was 189 with a standard deviation of 7 (3.6% of the L P value). 
28)
The advantage of the Assis et al. 27) model is that the data used in its development were representative of a wide range of industrial BOS slag compositions and temperatures. The model is essentially an updated version of the Suito et al. [29] [30] [31] model expanded to include the data of Basu et al. 23, 24) and Assis et al. 27, 32) However, the model does not include an input for titania.
To assess whether the Assis et al. 27) L P model was suitable for predicting L P in slags containing significant quantities of TiO 2 , L P values were calculated from the model and compared with those measured in this study (Table 3) and those reported by Selin 16, 17) using two separate approaches: 1) Assuming TiO 2 has an equivalent effect on L P to SiO 2 allowing the use of the as-measured slag composition, as shown in Fig. 3(a) , 2) Assuming no TiO 2 in the slag and normalising the slag composition to 100 mass%, as shown in Fig. 3(b) . From Fig. 3(a) it can be seen that the Assis et al. 27) model under predicts the L P value when TiO 2 is assumed to be equivalent to SiO 2 . The under-prediction (deviation from the 1 to 1 correspondence line) was found to be an average of 11.9% for data measured in this study and 18.6% for Selin's data. This indicates TiO 2 cannot be assumed to be equivalent to SiO 2 .
From Fig. 3(b) it can be seen that the Assis et al. 27) model over-predicts the L P value when there is assumed to be no TiO 2 in the slag. The over-prediction (deviation from the 1 to 1 correspondence line) was found to be an average of 14.6% for data measured in this study and 20.3% for Selin's data. This indicates the effect of TiO 2 cannot be disregarded without introducing significant error into the L P prediction.
In a previous study by the current authors 28) using similar slag compositions but without TiO 2 an excellent fit was achieved using the Assis et al. 27 ) model for L P in the CaOSiO 2 -MgO-Fe t O-MnO-Al 2 O 3 -P 2 O 5 . Given this, it can be argued that the deviation from the model shown in this study is primarily due to the effect of TiO 2 . The effect of TiO 2 may be accounted for by expanding the model to include TiO 2 .
The L P data from both this study and Selin's 16, 17) investigation were used to determine a coefficient for a new TiO 2 term to obtain the L P model in Eq. (22) . The compositions used were those given in Table 3 and reported by Selin.
16,17)
In developing the modified Assis et al. model, the original composition and temperature coefficients of the Assis et al. model 27) were held constant. The adapted model output compared to the measured L P in this study and that by Selin 16, 17) are given in Fig. 4 . From Fig. 4 , it can be seen that the adapted Assis et al model 27) represents the data well, with an average error of 0.5% and 3.9% of the L P for the TiO 2 bearing slags in this study and Selin's 16, 17) data, respectively. Increasing TiO 2 concentration was found to cause a drop off in the L P measured, as shown in Fig. 5 . This effect may in part be explained by consideration of the effect of TiO 2 on basicity. A lime equivalence term, enclosed by square brackets in Eq. (22) , is used to represent basicity in the modified Assis et al. 27) model. TiO 2 has a lower effective basicity than CaO, as shown by the respective coefficients of 0.087 and 1.0. The lower basicity caused by increasing TiO 2 concentration inhibits dephosphorisation, driving the reaction as given in Eq. (1) to the left, decreasing the removal of phosphorus to the slag.
It can be seen from Fig. 5(b) that the maximum L P is achieved at approximately 20 mass% Fe t O. This is in good agreement with previous studies. [33] [34] [35] [36] This behaviour is best understood by consideration of the reaction in Eq. (1), where phosphorous removal from steel to slag (i.e. increasing L P ) is maximised by the combination of high basicity and high oxygen potential at a fixed temperature. An increase of Fe t above ~20 mass% causes a decrease in L P due to the dilution of the basic components of the slag. Furthermore, [Ti] is known to decrease the activity of phosphorus and oxygen in liquid iron, thereby inhibiting dephosphorisation. This may be accounted for using the Henrian solution model, Eqs. (24) and (25), and peer reviewed first order interaction coefficient (eP Ti = − 0.04 and e O Ti = − 1.12) data. (25) where
The corresponding L P measurements for the data in Fig.  6 are shown in Fig. 7 against the final TiO 2 content. As before, the measured L P was found to decrease with increasing TiO 2 . This TiO 2 entered the system as [Ti] . Therefore, it can be seen that increasing TiO 2 , added to the system as [Ti] , has a similar effect to adding TiO 2 to the slag.
Development and Testing of an Empirical C PO 4 3− −
Model
The C PO 4 3− data were primarily determined using the experimental slag composition and an empirical C PO 4 3− model developed in this study. This approach was used due to the limited availability of thermodynamic data for titanium oxides in the CaO-SiO 2 -MgO-Fe t O system. Consequently, the pO 2 required for the C PO 4 3− calculation (Eq. (19)) was not readily determined via thermodynamic calculation.
The pO 2 is commonly determined experimentally via Fe 2 + /Fe 3 + speciation. However, the Fe 2 + /Fe 3 + speciation titration method is adversely affected by the presence of other multi-valence oxides, limiting its use for slags containing both Fe t O and TiO 2 . Although the pO 2 was known in the CO/CO 2 gas experiments, it was not practical to conduct all the experiments under these conditions. The inability to use both of these experimental methods for pO 2 determination necessitated the development of the empirical C PO 4 3− model for use on the titanium oxide containing slags of this study.
The empirical C PO 4 3− model was developed using compiled equilibrium C PO 4 3− data for the CaO-SiO 2 -MgO-Fe t OMnO-Al 2 O 3 -TiO x -P 2 O 5 system from reviewed and recent data sources. [14] [15] [16] [17] 21, 22, 24, [29] [30] [31] 33, These data include the TiO 2 bearing slags data of Selin 16, 17) but not any experimental data from this study.
The reported (P), [P] and [O] (or when reported the pO 2 ) from the compiled data were used to determine the C PO 4 3− using Eq. (19) , where K [P] was determined using Eq. (16) and ideal Henrian behaviour was assumed for [P] (i.e. f P = 1). The pO 2 was determined from the reported [O] using the methodology detailed by Ishii and Fruehan, 40) where the free energy of the formation of FeO (Eq. (27) ) and the activity of FeO in the slag (a FeO ) were derived from the experimental dissolved oxygen in iron [O] data (Eq. (29)) using the Henrian solution model. The subscript sat., refers to oxygen saturation in iron. From this approach a database of 1 382 laboratory measurements of C PO 4 3− was produced. The slag systems and characteristic data (mean, standard deviation, minimum and maximum) of key variables covered in this database are detailed in Tables 4 and 5 respectively.
The C PO 4 3− database was used to develop the empirical model for C PO 4 3− given in Eq. (33) . 
SiO 
. (33)
A comparison of the measured data with those calculated from the C PO 4 3− model in Eq. (33) is given in Fig. 8 . Also shown in the figure is the coefficient of determination (R 2 ) of 0.89. The Selin data [16] [17] [18] [19] [20] are highlighted in this figure to demonstrate that the model is a good representation of the C PO 4 3− of titanium oxide containing slags. It was not treated as a separate series in the derivation of Eq. (33) .
To validate the empirical C PO 4 3− model, the model predictions using Eq. (33) were tested against experimental C PO 4 3− data generated in this study and calculated from Eq. (19) . To calculate the C PO 4 3− using Eq. (19) a pO 2 is required. For TiO 2 free slags carried out under Ar (R series in Table 3 ), the pO 2 was determined using MTDATA 26) with inputs of the slag and steel compositions. This approach was explained in detail in a previous study. 28) For the experiments using CO/CO 2 gas, the pO 2 of the gas phase was fixed (CO/CO 2 series in Table 3 ). The results are shown in Fig. 9 . It should be noted that these experimental C PO 4 3− were not used in the development of the C PO 4 3− model. The high R 2 value of 0.98, indicates that the model can predict the C PO 4 3− of the titanium oxide containing slags in this study well.
3.2.1. The Effect of TiO 2 on C PO 4 
3−
The data in Fig. 9 have been replotted in Fig. 10 so that the effect of TiO 2 on C PO 4 3− can be more readily assessed. The C PO 4 3− was observed to have a weakly decreasing trend with increasing TiO 2 content of the slag. The experimental data shown in Fig. 10 were constrained to slags containing 10.5 ± 1 mass% MgO, a v-ratio of 2.7 ± 0.1, and 19 ± 3 mass% Fe t O. The modelling inputs were the average experimental conditions 1 650°C, 10.5 mass% MgO, 3.2 mass% P 2 O 5 , 1 mass% MnO, v-ratio of 2.7, and 19 mass% Fe t O. The scatter observed in the experimental results around the model line in Fig. 10 may partly be attributed to variations in the slag Fe t O, v-ratio, and MgO.
The observed decreasing trend in C PO 4 3− with TiO 2 may be in part be explained by considering the effect of TiO 2 on basicity. In the C PO 4 3− model (Eq. (33)), basicity is represented by a lime equivalence coefficient for each oxide. A lower coefficient represents a more acidic or less basic oxide, for example the coefficient for SiO 2 is − 0.102. TiO 2 has a lower coefficient ( − 0.079) than CaO (0.02), MgO ( − 0.01), and Fe t O ( − 0.059). Hence, additions of TiO 2 to a fixed CaO-MgO-Fe t O-SiO 2 base slag composition decreases the slag basicity and consequently the predicted C PO 4 3− .
Industrial Relevance
Improved understanding of the effect of TiO 2 on the C PO 4 3− allows steelmakers to optimise hot metal and steel processing to minimise flux usage and re-processing of out of specification heats with varying titanium concentration. For example, in the BOS, steelmakers often use the simple v-ratio of the predicted slag composition from a heat and mass balance of all charged materials (e.g. hot metal, scrap, fluxes, iron ore…) to determine the C PO 4 3− of a slag. If the TiO 2 concentration is high, the C PO 4 3− is likely to be lower than predicted by simple v-ratio relations. Correct prediction of the C PO 4 3− of high TiO 2 containing slags enables the steelmakers to add the correct amount of flux to achieve the required grade [P] specification. (33)) for published experimental data. [14] [15] [16] [17] 21, 22, 24, [29] [30] [31] 33, The 1 to 1 correspondence between the measured and calculated log(C PO 4 3− ) data is shown by the solid line. 
Conclusions
Slag-steel equilibrium experiments were performed using CaO-SiO 2 -MgO-Fe t O-TiO 2 synthetic slags and Fe-P-Ti alloys representative of BOS. The (TiO 2 ) and [Ti] concentrations were varied to investigate their effect on the L P and C PO 4 3− . Increasing (TiO 2 ) and [Ti] were found to lower both the L P and C PO 4 3− in CaO-SiO 2 -MgO-Fe t O-TiO 2 slags, which was attributed to lowering the slag basicity.
The Assis et al. 27) L P model was modified to include the effect of TiO 2 on slag basicity to give good agreement with the L P data from this study and Selin's study. 16, 17) Further, an empirical C PO 4 3− model was developed to predict the capacities in the CaO-SiO 2 -MgO-Fe t O-TiO 2 slag system. The C PO 4 3− model was developed using a large dataset of published slag and pO 2 data for slag systems relevant to the BOS process and was validated using experimental C PO 4 3− data from this study. The empirical C PO 4 3− model was developed to overcome issues associated with the limited availability of thermodynamic data for TiO x in the CaOSiO 2 -MgO-Fe t O system and the difficulties in determining the pO 2 experimentally.
